ABSTRACT Stored-product insects can potentially be exposed to grain protectants for variable time periods. Adults of three species, the lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrychidae), the granary weevil Sitophilus granarius (L.) (Coleoptera: Curculionidae), and the red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) were exposed for 1, 4, 8, and 24 h on brown rice treated with the pyrethroid deltamethrin at the label rate of 0.5 ppm, then removed and placed on untreated rice. Adults of these same species plus the rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae), the maize weevil, Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae), and the warehouse beetle, Trogoderma variabile Ballion (Coleoptera: Dermestidae) were exposed on treated brown rice mixed with varying amounts of untreated rice to assess progeny production. Immediate and delayed mortality of exposed adults did not exceed 7% for any exposure interval, but progeny production for T. castaneum was generally lower in comparison with that for the other species. Increasing the amount of treated rice decreased progeny production of R. dominica but not for any Sitophilus species. Mixed results were obtained for T. castaneum and T. variabile. Results show that long exposure times and treatment of an entire rice mass may be necessary to give complete control of stored-product beetles.
Grain protectants are residual insecticides applied directly to grains as they are loaded into storage, and thus provide protection from insect damage (Arthur 1996) . For many years, organophosphate insecticides were the primary protectants for stored grains, but now several pyrethroids are registered as protectants in many countries, including the United States. The combination product Storicide II, which is 3 ppm of the organophosphate chloryprifos-methyl combined with 0.5 ppm deltamethrin has been registered for several years in the United States for direct application on stored barley, oats, rice, sorghum or wheat and empty bins (Sehgal et al. 2013 (Sehgal et al. , 2014 . In 2012, the deltamethrin formulation Centynal (Central Life Sciences, Schaumberg, IL), applied at the rate of 0.5 ppm, was registered as a protectant of the same grains described earlier.
Several studies have shown the effectiveness of deltamethrin used alone or in combination with organophosphates, at rates varying from 0.5 to 5 ppm (Evans 1985 , Daglish et al. 1992 , Daglish 1998 , Arthur 1994b , Athanassiou et al. 2004a . Most of these studies were done by treating an entire quantity of grain, and then exposing the test insects for at least several days. In some recent studies with the insect growth regulator methoprene or the biological insecticide spinosad, allowing a portion of the grain to remain untreated created a situation whereby some insects could escape exposure to the insecticide (Athanassiou et al.2009b, Daglish and Nayak 2010) . In actual practice, treated grains could be mixed with untreated grains whenever grain is treated at loading or when being moved, thus resulting in uneven distribution of the protectant.
Immediate mortality often occurs in experiments when insects are exposed on treated grains, and delayed mortality may occur when those insects are removed from treated grain (Getchell and Subramanyam 2008, Athanassiou et al. 2010) . High survival after short exposures of adult beetles is particularly important for those species in which immature development occurs inside the grain kernel, because the parental adults may be able to oviposit and reproduce even if they eventually die from exposure to the insecticide.
Mortality after short exposure times is an important component when assessing efficacy of grain protectants. There are no published data in the scientific literature regarding efficacy of deltamethrin when stored-product beetles are exposed for short time periods or on treated grains mixed with untreated grains in controlled experiments. Therefore, the objectives of this test were to determine efficacy of deltamethrin for several species of stored-product beetles: Rhyzopertha dominica (F.), the lesser grain borer; Sitophilus granarius (L.), the granary weevil; Sitophilus oryzae (L.), the rice weevil; Sitophilus zeamais (L.), the maize weevil; Tribolium castaneum (Herbst), the red flour beetle; and Trogoderma variabile Ballion; the warehouse beetle.
Materials and Methods
Organic mixed variety brown rice (husk removed) from the 2012 crop year was purchased from a rice mill and shipped to the Center for Grain and Animal Health Research (CGAHR), USDA-ARS, Manhattan, and held in cold storage for several months at 4 C until used in the experiment. The moisture content of the rice was 13%. The deltamethrin formulation was the commercial product previously described (Centynal, 50 mg/ml Active Ingredient, Central Life Sciences).
R. dominica, S. oryzae, and S. granarius were reared on whole wheat, S. zeamais was reared on whole maize, and T. castaneum was reared on wheat flour plus 5% brewer's yeast (by weight). T. variabile was reared on a diet of one-third organic protein shake mixed with twothird commercial dog food, which was ground using a Bunn Coffee Mill Model G3 HD set to extra fine ground (Bunn-O-Matic Corporation, Springfield, IL). All species were pesticide-susceptible strains that had been reared at CGAHR for >30 yr and were reared at 27 C in continual darkness. Adults of T. variabile used in the study were 1 wk old, whereas adults of all other species were 1-2 wks old.
Short Exposure Bioassays. Label directions specify application of detamethrin at 270 ml formulated in 18.5 liters to treat 27,272 kg of rice, which is equivalent to 0.35 ml of formulated spray for 0.5 kg of rice. The insecticide was formulated in a 25 ml flask in accordance to the label rate (0.36 ml of formulation in 25 ml water). A 0.5 kg lot of brown rice was laid out on a flat surface, and 0.35 ml of formulated spray was applied as a fine mist to the rice using a Badger 100 artists' airbrush (Badger Corporation, Franklin Park, IL). After the rice was treated, it was placed in a 1-liter jar and shaken for 1 min to distribute the insecticide throughout the rice mass. Five separate replicates were done by formulating a new solution each time, and treating the rice as described earlier. Five additional lots were sprayed with 0.35 ml water as untreated controls (UTCs).
The untreated rice and the treated rice were then subdivided as follows. From each replicate lot of rice, 12 aliquots of 20 g each were taken, and each aliquot was placed in a plastic cylindrical vial (3 cm in diameter, 8 cm in height). The internal "neck" of the vials was covered by Fluon (Northern Products Inc., Woonsocket, RI), to prevent insects from escaping. The exposure intervals evaluated were 1, 4, 8, and 24 h on untreated and treated rice. UTCs were prepared for each exposure interval. There were also a separate series of controls per species which were checked after 7 d of exposure (see text later describing delayed mortality). The insect species that were tested were adults of R. dominica, S. oryzae, and T. castaneum. For each replicate, 20 mixed-sex adults of an individual species were placed in a vial, one vial for each exposure interval. All vials were placed in incubators set at 27.5 C, 75% Relative Humidity (RH), and continuous darkness. After an exposure interval was completed, the vials were removed from the incubator, the rice was sieved, and all adults were emptied into a Petri dish. Mortality was determined by placing the dish under a stereomicroscope and by prodding the adults with a brush. If there was no movement after a few seconds the adult was considered dead. All surviving adults were transferred to new vials containing untreated rice and returned to the incubator and held for 7 d. After that time, the vials were removed, the rice was sieved, the dead adults were counted, and all adults (dead and alive) were removed, and the vials were again returned to the incubator. After 65 d, the vials were removed, the rice was sieved, and the amount of insect frass (indicative of feeding damage) was weighed and adult progeny were counted. The frass weight was not determined for S. oryzae because progeny production was so extensive that the rice was turned into a gooey mass due to overinfestations inside the vials.
Data were analyzed separately for each of the tested species. The immediate and delayed mortality counts were not analyzed because the overall mortality was low. For progeny production, one-way analysis of variance (ANOVA) was used, with number of progeny as the response variable, and exposure time as a main effect. For frass production, ANOVA was used, with amount of frass in grams as the response variable, and exposure as main effect. All analyzes were done using JMP 9 software (SAS Institute Inc. 2010). Means were separated by the Tukey-Kramer Honestly Significant Difference (HSD) at a ¼ 0.05 (Sokal and Rohlf 1995) .
Mixture of Treated and Untreated Rice. Three replicate lots of rice were treated as described earlier, except that 0.7 ml of formulated spray was used to treat 1 kg of rice. Three 1 kg replicate lots of untreated rice were treated with 0.7 ml of distilled water. Aliquots of 40 g untreated and treated rice from each replicate were placed in plastic cylindrical vials (4.8 cm in diameter, 10.2 cm in height) in six mixture categories as follows: 0 (all untreated), 5, 10, 25, 50, and 100% treated rice, corresponding to 0, 2, 4, 10, 20, and 40 g of treated rice, respectively. Each series from each replicate was in turn replicated three times (subreplicates). After the introduction of the rice, the vials were shaken manually for 1 min, to achieve equal distribution of the treated rice. The species that were tested were adults of R. dominica, S. granarius, S. oryzae, S. zeamais, T. castaneum, and T. variabile. Twenty adults of an individual species were placed in the vial, and all vials were placed in incubators set at 27.5 C, 75% RH, and continuous darkness. The internal "neck" of these vials was also covered by Fluon (Northern Products Inc.), to limit insect escape. There were three replicates and three subreplicates for each species and rice mixture. No mortality assessment was conducted in these bioassay series. The vials were held in the chambers for 65 d, then removed and sieved. The amount of frass was weighed and all adults tabulated. Frass weight could not be estimated for S. oryzae and S. zeamais because of extensive progeny production.
Data were analyzed separately for each of the tested species. For progeny production, one-way ANOVA was used, with number of progeny as the response variable, and mixture as main effect. For frass production, ANOVA was used, with amount of frass (g) as the response variable, and mixture as main effect. All analyzes were done using JMP 9 software (SAS Institute Inc. 2010). Means were separated by the TukeyKramer HSD at a ¼ 0.05 (Sokal and Rohlf 1995) .
Results
Short Exposure Study. Immediate mortality of all species was low and, although there was a slight increase in mortality as exposure levels increased overall mortality for any species did not exceed 7% (Table 1) . Mortality of adults 7 d after transfer was negligible. Progeny production of all species was high and did not differ from UTCs (Table 2) . Progeny production for T. castaneum was generally lower in comparison with that for the other species. There were some differences in frass production by T. castaneum but not for R. dominica (Table 3) .
Mixture of Treated and Untreated Rice. Significant differences were noted in progeny production levels among the different categories of treated rice for the majority of the species tested (Table 4) . Nevertheless, for all species, progeny production occurred at all treated rice combinations for all species. The increase of the proportion of the treated rice significantly decreased adult emergence in R. dominica, with the lowest number of offspring produced when the 25% of rice was treated with deltamethrin. Moreover, there were no differences in progeny production among rice treated by 25, 50, and 100% with deltamethrin for R. dominica. Although there was significant differences in progeny production among treatments for S. granarius there was no difference between treatments and controls. Similarly, progeny production in S. oryzae and S. zeamais was extremely high (>300 adults per vial) and did not differ from the UTCs. However, increasing the percentage of treated rice did lead to decreased progeny production of T. castaneum, when the amount of treated rice was 25% or higher. Finally, despite there were significant differences in progeny production of T. variabile, the progeny production on rice treated in its entirety with deltamethrin did not differ from UTCs.
Increasing the amount of treated rice with the untreated rice did have some effect on frass production (Table 5) . Even the lowest combination with 5% treated rice led to a decrease in frass production of R. dominica compared with UTCs. No frass was produced by R. dominica on rice treated with deltamethrin in its entirety. In addition, there were significant differences in frass production among the three higher percentages (25, 50, and 100%) for this species. Moreover, significantly more frass was produced by R. dominica in rice Within each column, means followed by the lower-case letter are not significantly different, in all cases df ¼ 8, 44; HSD test at 0.05. Where no letters exist, no significant differences were recorded. that was 5 or 10% treated compared with the higher three percentages. For S. granarius, frass production was low and significant differences between treatments and controls were recorded only when the entire lot of rice was treated with deltamethrin. Frass production was low for T. castaneum, and different from controls only on rice with 50% treated rice mixed with untreated rice or rice treated in its entirety with deltamethrin. Similar results were obtained for T. variablile.
Discussion
Stored-product beetles exposed on pyrethroid treated grains for short time periods, then removed and placed on untreated grains, can survive (Arthur 1999) . Vassilakos and Athanassiou (2012) tested short exposures of S. oryzae and T. confusum on wheat treated with a WG (water dispersible granules) formulation of the spinosyn-based insecticide spinetoram, and found that both immediate and delayed mortality of the two species was extremely low, even after 72 h of exposure. Similar results have been reported for spinosad (Getchell and Subramanyam 2008, Athanassiou et al. 2010) . In this study, short exposures to deltamethrin had no effect on adult mortality either during the exposure or the postexposure period. During the short exposure period, we observed that most of the exposed adults were knocked down when removed from the treated rice. However, the majority of the exposed individuals were able to recover shortly after being placed on untreated rice. Similarly, Arthur (1999) reported that >90% of R. dominica and S. oryzae were knocked down under certain short exposure periods and doses of the pyrethroid insecticide cyfluthrin on stored wheat. However, when S. oryzae adults were transferred to untreated wheat the mortality was <20% for those individuals which had been exposed for 2, 4, and 8 h on wheat treated with 1 or 2 ppm of cyfluthrin. Although artificial removal of insects from a treated bulk grain mass may not normally occur, such a removal could be possible when grains are only partially treated or mixed with untreated grains shortly after application.
When insects are knocked down on a treated grain surface, the potential result ranges from full immobilization with no movement to a condition whereby the insect may be able to walk upright before falling over on their back. Any movement may provide an opportunity to escape the treated grain. In the current test, there was little difference in susceptibility among species to deltamethrin at the exposure intervals, suggesting that short exposures to deltamethrin may not affect reproduction of R. dominica, S. oryzae or T. castaneum.
In contrast to the short exposure study, the six beetle species differed remarkably in their reproduction rates on rice partially treated with deltamethrin. Similar studies with partially treated grains also illustrated differences among species. Athanassiou et al. (2009b) noted that even when the top one-eighth of the grain was treated with the biological insecticide spinosad, mortality of R. dominica was high if the insects moved through the treated substrate. However, mortality was low when the insects were in the untreated rice below the treated layer. In contrast, mortality of S. oryzae, Liposcelis paeta Pearman (Psocoptera: Liposcelididae) and Liposcelis bostrychophila Badonnel (Psocoptera: Liposcelididae) was lower than that of R. dominica in both top treated or in the untreated areas of the grain (Athanassiou et al. 2009a) . In laboratory experiments with vertical columns of wheat, from which some layers were treated with diatomaceous earth (DE), Vardeman et al. (2006) found that R. dominica adults were able to penetrate the DE-treated layer and reproduce in the Within each column, means followed by the lower-case letter are not significantly different, in all cases df ¼ 5, 53; HSD test at 0.05. Where no letters exist, no significant differences were recorded. Within each column, means followed by the lower-case letter are not significantly different, in all cases df ¼ 5, 53; HSD test at 0.05. Where no letters exist, no significant differences were recorded. untreated layers. Also, Arthur (1992) found that partial treatment of maize at a ratio of 2:3 (treated per untreated) with chlorpyriphos-methyl was similar with 100% treated maize for the long-term control of S. zeamais or T. castaneum. All the above studies suggest that there may be some potential in treating only parts of the grain mass, provided that this treated portion is properly admixed with the untreated grain.
Our results show limited effects of deltamethrin on T. variabile. In a previous study, Wallbank (1994) reported that a liquid formulation of deltamethrin provided <48% mortality of T. variabile larvae exposed between 6 and 120 h on metal trays 7 d post treatment, whereas no mortality was recorded when larvae were exposed after 112 or 224 d of treatment. T. variabile is considered an external feeder and its larvae, in contrast with weevils, are directly exposed to the treated surface of the grain kernels. Frass production data showed that there was a serious reduction of insect feeding which was not related with the number of adult progeny on rice in the case of T. variabile. This could relate to the fact that the larvae of this species can feed on dried tissues and dead individuals, which act as alternative food sources for population development, whereas the adults do not feed (Peacock 1993) .
R. dominica and T. castaneum were the only species that were controlled by deltamethrin in this series of bioassays on partially treated rice. This could be partially explained by the fact that female R. dominica lay eggs outside the kernels, upon hatching the neonates bore into the kernels (Arbogast 1991) , and thus, they can be exposed to an insecticide applied to the grain mass. T. castaneum is an external feeder (Hill 1990 ) which means that all life stages were exposed to the deltamethrin treated rice. All three weevil species produced progeny on the rice treated with deltamethrin, even when exposed on the 100% treated rice lots. Oviposition and immature development in all three weevil species occurs within the grain kernel (Aitken 1975) . Thus, the parental females could have oviposited before dying from exposure to the insecticide. Therefore, any eggs would likely survive and complete development inside the kernel, even if that kernel had a lethal dose of an insecticide on the outside surface. Also, previous results have indicated that weevils might be tolerant to deltamethrin (Samson and Parker 1989) . Arthur (1994a) reported that the mortality of S. oryzae adults exposed for 5 d on wheat treated with 0.5 ppm deltamethrin, and bioassayed every 2 mo for 10 mo, ranged from 15 to 45%. In this study, progeny production ranged from 515 to 1,145 adults from 100 parental adults exposed on the treated wheat. For the same species, Athanassiou et al. (2004b) found that 0.125 ppm deltamethrin caused <60% adult mortality after 7 d of exposure when stored wheat was bioassayed 101 d after treatment, whereas the progeny production was >100 adults per bioassay container from an introduced parental population of 30 adults.
This study examined two different but linked scenarios that are likely to occur in field applications of any residual grain protectant: short exposure on a treated rice mass, or exposure on a rice mass for which fewer than 100% of kernels were untreated. Our results show that continuous exposure to deltamethrin at time intervals >24 h may be necessary to give complete mortality of stored-product beetles, particularly weevils. Previous studies indicate that deltamethrin will give control of stored grain beetles; however, the high survival of weevils at the short exposure intervals in our study warrants further investigation.
